Abstract Wastewater from oil exploration may contain substances that can alter the diversity of soil organisms. This study evaluated whether produced water treated by filtration or reverse osmosis and glutaraldehyde from reverse osmosis treatments negatively affected the mesofauna in an irrigated area. In the field, irrigation with produced water treated by reverse osmosis and filtration influenced Hymenoptera and Cosmochthonius sp., while Entomobryomorpha springtails were affected only by the reverse osmosis water. In the ecotoxicological tests, reproduction in the springtail Folsomia candida was inhibited by the reverse osmosis treatment, while reproduction in the earthworm Enchytraeus crypticus was affected by both water treatments. Although glutaraldehyde did not affect the survival of F. candida, the reproduction was inhibited (EC50 = 44.4 mg/L). No adverse effect of glutaraldehyde was observed on reproduction or survival of E. crypticus. These results indicate that produced water, when used in irrigated agriculture, may affect soil functional mesofauna.
Treated water from petroleum exploration (produced water) is unfit for human consumption, but can be used for irrigation (Johnston et al. 2008) . In arid and semi-arid regions with scarce water sources, it is important to reuse water (Travis et al. 2012) . To be usable in crop irrigation, produced water must pass through treatment processes that remove salts, metals, and other components (Murray-Gulde et al. 2003; Melo et al. 2010) .
Simple filtration of the produced water is not effective in desalting, causing salinization of the soil (Al-Haddabi and Ahmed 2007). Soil salinity can negatively affect the mesofauna (Elkins and Whitford 1984) and also change the microorganism community (Ibekwe et al. 2010) , which is important as a food resource for soil fauna (de Ruiter et al. 1994) . Other water treatment processes, such as reverse osmosis and ultrafiltration, are efficient in removing salts and metals. However, in these treatments, glutaraldehyde is used to prevent the formation of a biofilm on the reverse osmosis membrane. This prolongs its service life (Melo et al. 2010 ), but results in reduced microorganism activity in soil when this water is used in irrigation (Lopes et al. 2014) .
Any negative impact on soil communities and trophic webs reduces the benefits of these organisms to the soil (Brussaard et al. 2007; Barrios 2007 ). In such cases, mesofauna taxa, such as nematodes, mites, worms, isopods, enchytraeids, and springtails, can serve as biomarkers of pollution (Cortet et al. 1999) . Because of the importance of these animals in the nutrient cycling processes and their role in the maintenance of the physical and chemical quality of soil (Dindal 1990) consideration when using produced water for irrigation. Because glutaraldehyde is used in disinfecting hospitals, effects have been evaluated only on aquatic organisms such as mollusks (SINTEF 1991) , algae (Sano et al. 2005) , fishes (Pereira et al. 2014) , worms, and crustaceans (Sano et al. 2003 (Sano et al. , 2004 (Sano et al. , 2005 Boillot and Perrodin 2008) . However, the direct and indirect effects of glutaraldehyde on soil mesofauna remain unknown. Thus, we hypothesized that the mesofauna will be affected by saline produced water or the glutaraldehyde used in reverse osmosis treatments. The aim of this study was to evaluate whether irrigation with treated produced water affected soil mesofauna taxa in an agricultural area as compared with groundwater irrigation. We investigated the effect of irrigation on higherlevel taxa that are commonly used in environmental monitoring, and on oribatid mite species. This study also evaluated whether the soils under the irrigation treatments or exposed to glutaraldehyde had a potential ecotoxicological effect on the mesofauna species Folsomia candida (Collembola) and Enchytraeus crypticus (Oligochaeta).
Materials and Methods
The study was conducted in fields irrigated with different types of water or non-irrigated land cultivated with ornamental pineapple plants (Ananas comosus var. erectifolius (L.B. Smith) Coppens & Leal) on the Belém farm (FZB) of Petrobras, located in the municipality of Aracati, State of Ceará (Brazil) (44°44 0 4.23 00 S, 37°32 0 23.56 0 'W). The soil of the area was classified as Haplic Arenosol with the following size fractions (g/kg): 978 sand, 27.4 silt, and 26.6 clay. In this area, air temperature ranges from 26 to 28°C, annual rainfall is up to 800 mm, and it has a hot, semi-arid climate according to the Köppen classification.
The sampling units comprised nine plots of 400 m 2 that were arranged in a completely randomized design with three replications for each irrigation treatment and distributed in an area of 19,200 m 2 . The three treatments included: (1) control treatment with groundwater (Groundwater); (2) produced water filtered in sand filters and then treated by reverse osmosis (APO); and (3) produced water that was only filtered (APF). The concentration of glutaraldehyde present in the water from the reverse osmosis treatment was approximately 0.198 mg/L (Melo et al. 2010) . Each treatment modified the chemical characteristics of the soil (Table 1) .
The plots were planted with ornamental pineapples in February 2013, with a 1-m spacing between rows and a 0.3-m spacing between plants in each row. These areas were previously equipped with a drip irrigation system. The total amount of water applied during the year was The mesofauna was sampled 12 months after the start of irrigation with the three water treatments. For sampling, three undisturbed sub-samples of soil were collected in each plot using cylindrical PVC tubes (10 cm high and 10 cm diameter). After collection, the arthropods were extracted using a Berlese-Tullgren funnel. Arthropod mesofauna were counted and identified to order or suborder, and holometabolous insects were divided into adults and larvae. The oribatid mites were identified to the species level.
In controlled laboratory conditions at Embrapa Tropical Agroindustry (Fortaleza, Ceará, Brazil), we conducted two ecotoxicological tests using Folsomia candida (ISO 11267 1999) and Enchytraeus crypticus (ISO 16387 2004) obtained from the Soil Fauna Laboratory of Embrapa Agrobiology in Seropédica (RJ, Brazil). In the first assay, reproduction of these two species was evaluated in soil samples collected from the surface layer (0-0.1 m) of field plots (Groundwater, APO, and APF), after 1 year of irrigation in ornamental pineapple cultivation at FZB. In the second assay, we tested the reproduction of F. candida and E. crypticus on a non-irrigated soil sample collected from the pineapple field at FZB that received varying glutaraldehyde dosages in the laboratory (from 0.02 to 1000 mg/L). The concentration of glutaraldehyde in produced water treated by reverse osmosis used in this study was 0.198 mg/L, which represented the daily normal exposure of soil mesofauna. Thus, the exposures represented concentrations that were both less than and greater than the normal exposure of 0.198 mg/L.
For each of these two trials, we used four replicates, each with ten specimens kept in a plastic pot (diameter 4 cm and 7 cm high) containing 30 g of natural non-irrigated soils from the FZB. The concentrations of glutaraldehyde (0.02, 0.05, 0.2, 0.4, 0.79, 10, 100, and 1000 mg/L) were prepared in deionized tap water and the soil was watered to 60 % of its field capacity with each glutaraldehyde concentration. Approximately 2 mg of lyophilized yeast was provided as food for springtails and 4 mg of autoclaved oatmeal for the enchytraeids on the first and 14th days of the experiment. The temperature was 20 ± 1°C, and the pH, electrical conductivity, and moisture were evaluated at the beginning and end of the tests according to the protocol validation criteria for the two species.
To evaluate whether an irrigation treatment affected individual mesofauna taxa, the analysis of indicator species (IndVal) proposed by Dufrêne and Legendre (1997) was used. IndVal values range from 0 to 1. Values closer to 1 indicate stronger associations of a species with a specific treatment. Significance values associated with IndVal were calculated by randomization tests. We did not include taxa with a frequency B10 % because that is a precondition for the IndVal analysis to be valid. Dominance ranking diagrams were constructed to evaluate changes in the patterns of dominance among the irrigation treatments. In the diagrams, the dominance gradient was represented by the X-axis and calculated from the relative abundance (on the Y-axis) of each taxon collected in the irrigation treatments. We considered the groundwater to be the control treatment.
In ecotoxicological tests, the reproduction and survival of F. candida and E. crypticus were measured and the effect of glutaraldehyde evaluated using generalized linear models (GLM) modeled by the Poisson distribution. Effective concentration values (EC50) were calculated for organisms that had a significant decrease in their reproduction rates with glutaraldehyde by fitting the data to a logistic regression (log). In all analyses, we used the statistical program R (R Development Core Team 2014).
Results and Discussion
We identified 18 taxonomic groups of arthropods in the three irrigation treatments evaluated. Astigmata, Mesostigmata, and Oribatida mites were the most common organisms collected in the soil under both water-impacted treatments; however, Prostigmata mites occurred in small numbers. In this study, the greatest soil salinity disturbance occurred in the APF treatment. Astigmata are mites that rapidly colonize disturbed areas because of their rapid development and high reproductive rate (Philips 1990; Norton 1994) . Predatory mites, such as Mesostigmata, have good dispersion rates and usually have a rapid lifecycle (Koehler 1999) ; therefore, they can colonize many impacted ecosystems (Lindquist et al. 2009 ).
Five species of oribatid mites were found in all treatments. Among these species, only Cosmochthonius sp., commonly found in more arid environments, was significantly associated with one of the treatments, in this case, the Groundwater treatment ( Table 2) . Species of the family Cosmochthoniidae are relatively abundant in environments with more open vegetation in arid and semi-arid climates (Silva et al. 1989; Penttinen and Gordeeva 2010) , savannas (Santos et al. 2008; Ferreira et al. 2012) , and agroecosystems (Osler and Murphy 2005) . However, their abundance is higher in less contaminated areas (Osler and Murphy 2005) .
A few organisms were related to one of the irrigation treatments, including the order Hymenoptera (excluding Formicidae), which occurred in the less impacted treatment (Groundwater). Some species of Hymenoptera that nest in the soil are sensitive to certain soil disturbances, such as physical impacts like trampling by animals (Bonte 2005) , while others may be less abundant in soils with higher heavy metal concentrations (Nahmani and Rossi 2003) . However, because some of the organisms were identified only to higher taxonomic levels which obscures any habitat partitioning that may be occurring at the species level (Franklin et al. ND none detected above the analytical detection limit of 2 mg/kg 2005), little can be explained about the effects of salinity in APF or the presence of glutaraldehyde in APO on these organisms. In the case of Collembola in the order Entomobryomorpha, which were affected by the APO, the glutaraldehyde used in this treatment may have affected their populations because they have greater sensitivity to various types of contaminants (Cortet et al. 1999) .
Although most taxa were not significantly different among the irrigation treatments, we observed changes in dominance patterns. In the Groundwater treatment, the four dominant groups were in the following order: Oribatida (L. molecula), Entomobryomorpha, Astigmata, and Mesostigmata. The species Cosmochthonius sp. and the order Hymenoptera (excluding Formicidae), which were significantly associated with the Groundwater treatment (Table 2) , were the sixth and the ninth most dominant groups, respectively (Fig. 1) .
In the APO treatment, the pattern of dominance was the most different from the others. Astigmata, Oribatida (A. longisetosus), Mesostigmata, and Entomobryomorpha were dominant, although A. longisetosus was among the less dominant in the Groundwater treatment and did not occur in the APF treatment (Fig. 1) . Collembola of the order Entomobryomorpha were dominant in APF and were significantly associated with this treatment (Table 2 ). The Entomobryomorpha were the organisms were that most changed in terms of dominance patterns, notably in APO.
Changes in dominance observed among the treatments can occur due to variations in biotic or abiotic conditions (Rae et al. 2006; Gilbert et al. 2009 ) or in the availability of resources. There were changes in habitat promoted by irrigation with APF (which is rich in salts) or APO (with the presence of biocides) in relation to the Groundwater treatment. This indicates that the irrigation treatments may have interfered with reproduction in some organisms, thereby changing the dominance patterns among taxa. The ecotoxicological tests demonstrated that produced water had some effect on the reproduction of F. candida and E. crypticus, but not on their survival. In fact, the survival of an Enchytraeidae species and F. candida were not affected by high salinity (Owojori et al. 2009 ). Despite the higher salt content in soil irrigated with APF than that in the other treatments, the reproduction of F. candida was significantly lower only in soil irrigated with APO (p \ 0.01), probably because of glutaraldehyde. Reproduction in the APF treatment was similar to that in the Groundwater treatment (p = 0.38) (Fig. 2) .
In the case of E. crypticus, both APO (p = 0.02) and APF negatively affected the reproduction (p = 0.02) of these organisms (Fig. 2) . Terrestrial annelids like E. crypticus have more sensitive teguments and have direct contact with the soil solution (Laverack 1963) . The long period of presence of glutaraldehyde in water may have concentrated that contaminant in the soil, and its effect, combined with other characteristics of APO, altered the physiology of these soil organisms. APF increased the salt content of the soil. Ions such as sodium and chlorine, can also adversely affect the reproduction of annelids, most of which are not tolerant to higher salt concentrations in the soil solution (Jänsch et al. 2005) .
Mortality in the control, juvenile production, and the coefficient of variation occurred within the range established by the protocols used. No significant adverse effects upon survival were observed in natural soil concentrations of up to 1000 mg/L of glutaraldehyde on F. candida. However, there was a negative impact on the reproduction during exposure to 100 (p \ 0.01) and 1000 mg/L (p \ 0.01) (Fig. 3) . The EC50 value for reproduction was 44.4 mg glutaraldehyde per liter of water in the soil.
Because it is a more common contaminant in wastewater (especially from hospitals) and in aquaculture, the ecotoxicological effects of glutaraldehyde have been evaluated for the survival of aquatic organisms (Leung 2001; Pereira et al. 2014) . In the present study, the EC50 value of glutaraldehyde at 44.4 mg/L for F. candida is higher than that found for effects upon reproduction in other arthropods. Reproduction tests showed a low concentration effect in crustaceans ranging from 4.25 mg/L for Daphnia magna (Leung 2001) to 4.90 mg/L (Sano et al. 2005) for Ceriodaphnia dubia. Thus, more glutaraldehyde in the soil was necessary to reduce the reproduction rate. There was no effect of concentrations up to 1000 mg/L of glutaraldehyde on the survival of F. candida in our study. The survival of invertebrates in glutaraldehyde was better evaluated by other studies in aquatic organisms, and the only arthropods evaluated were crustaceans. In aquatic arthropod tests, the EC50 of glutaraldehyde ranged from 0.11 mg/L for Copepoda to 582 mg/L for Amphipoda (see Pereira et al. 2014) .
The reproduction and survival of E. crypticus was not affected at a concentration of 1000 mg/L in the soil. Ecotoxicological tests with glutaraldehyde have been reported only for aquatic annelids, and these studies found that EC50 values were lower than 1000 mg/L. In survival tests with the aquatic oligochaete Lumbriculus variegatus, EC50 values were 11.1 (Sano et al. 2003) , and 6.3-16 mg/L (Sano et al. 2004) . In terrestrial environments, the organisms have less contact with water and glutaraldehyde is more easily degraded in soil (Leung 2001) , thus a greater concentration may be required to affect the reproduction of the organisms evaluated.
Irrigation with produced water affected mesofauna identified at high taxonomic categories and oribatid mite species. The dominance relations among taxa were changed in soils irrigated with produced water from different treatment processes. Some mesofauna taxa exhibit a shift in the order of dominance when exposed to soils under irrigation with produced water, regardless of how the water was treated. Although the high doses of glutaraldehyde used in the treatment of reverse osmosis did not affect survival of the mesofauna, reproduction was clearly affected in both F. candida and E. crypticus. Further studies are needed to ascertain the causes of the observed mesofaunal dominance pattern shifts in soils irrigated with oil exploration wastewater. 
